This research is part of an ongoing larger project dealing with the historical origins of the Tai in southern China and Southeast Asia. The sinification of ethnic minorities, such as the Tai, has been a long and ongoing historical process in China. One indication of historical change is reflected in geographical place names over time. Many older Tai names can be recognized because they are named after geographical or other physical features in Tai, such as "rice field", "village", "mouth of a river", "mountain", "basin", etc. On the other hand, many other older Tai place names have been obliterated or modified in the process of sinification. The objective of the larger project is to reconstruct the historical past settlements of the Tai from place names. This research is an exploratory study demonstrating how modern GIS and spatial analysis techniques can benefit researchers in historical-linguistic-cultural studies who have been less exposed to them. In particular, GIS-based spatial interpolation and clustering methods are used to map the spatial patterns and identify the concentrations of Tai place names; GIS overlays are used to define some spatial variables, which are then fed into a logistic regression in attempt to explain the spatial patterns.
I. INTRODUCTION
The Tai are surely one of the "successful" societies as described by Jared Diamond (1997) in his classic, Guns, Germs, and Steel. The irrigated rice agriculture they refined in southern China some 2000 years ago enabled them to expand far beyond their geographic origins and project their economic and political influence to much of mainland Southeast Asia. Many toponyms, especially at the village level are evidence of their expansion. The majority of toponyms are derived from identifiable features of both the natural and manmade landscape: water sources, landforms and bioforms; rice fields and passageways. An environmental record and indigenous knowledge system has thus been preserved in toponyms. Some of the earlier Tai place names-and the cultural, linguistic and human history they encapsulate-have, however, been obscured by time, political change, and the work of map makers, most notably in China.
The objective of a larger ongoing project is to reconstruct the historical past settlements of the Tai from place names. That project covers the entire Tai language domain including southern China (Guizhou, Yunnan, Guangxi, Guangdong and Hainan) and Southeast Asia (northern Vietnam, Laos, and Thailand). The exploratory research we are reporting on in this article uses a small study area (i.e., Qingzhou Prefecture in Guangxi Autonomous Region in southern China) covering just one year (1979) in order to test most of the analytical methods that will be used in the larger project. See Figure 1 for the location of study area. In particular, this study shows how modern GIS and spatial analysis techniques can benefit researchers in historical-linguistic-cultural studies who have been less exposed to GIS.
The remainder of this paper is organized as follows. The next section provides some background information for Tai toponymical analysis, followed by a section discussing the study area and data sources. The research methods and results are presented in two sections: one on GIS-based modeling of spatial patterns and one on validation and explanation by regression analysis. The paper is concluded with a brief summary.
II. BACKGROUND: TOPONYMICAL ANALYSIS
For years anthropologists and historians have written papers on the topic of "Who Are the Tai?" (e.g., O'Connor, 2000). They attempt to draw up a set of traits that set the Tai apart from other peoples. Our outlook has been that "being Tai" is a cultural construct centering around the emergence of irrigated rice technology in southern China that came to be dominated and spread by genetically diverse peoples who shared a basic agrarian vocabulary and naming tradition that linguists identify as Tai (Hartmann, 1998) . The family of Tai languages has a broad geographic spread. In its totality, it stretches from the island of Hainan, through much of the north of Vietnam and areas of southern China (chiefly Guangxi, Guizhou and Yunnan, and part of Guangdong), through Laos and Thailand, across the northern reaches of Burma and finally into Assam in India. The history of the Tai is one of peasants colonizing new lands using waterways for transport, irrigation, and ritual and the clearing of myriad muang (geographical "basins" in proto-Tai speech) that, in turn, became petty kingdoms, and in two instances modern nation states: Muang Thai (Thailand) and Muang Lao (Laos).
Comparative-historical linguistics has shown with considerable certainty that the Tai originated in the border areas between southern China and northern Vietnam. Our prior research (Luo, et al., 2000) indicates that the infusion of Han people into Zhuang Tai and other Tai-related groups has led to some areas of absorption or replacement by succeeding waves of Han migrations. For instance, in the 13 th century, the Mongols conquered all of China and pushed Han south by entering Guangdong and its neighboring region Guangxi, mostly through the Meiling Pass (see the location in Figure 1 ). There has even been incursion into the less accessible western corner of Guangxi causing yet further Tai movement to the west and south as a result. This process of sinification, to some extent, is recorded in the change of place names. By identifying whether a place is a Tai name and mapping the extent of Tai place names, we hope to approximate the settlement range of Tai in the past. physical geography of the area" including 30 morphemes used for references to water (rapids, bend of a watercourse, ditch, tributary branch of a river, the waters, canal, muddy place, fountain, spring, waterfall, sea, waterway, swamp, and so on). Kaluzyñska (2002) Toponymical analysis in this pilot project begins with Tai place names as purely linguistic forms and analyzed in terms of phonology, grammar (headwords and modifiers) and historical changes in both, employing the methods of comparativehistorical linguistics. For example, place names containing (na), (ban) etc in Chinese are most likely Tai. Place names are not just linguistic forms but also cultural and societal artifacts. Rigorous toponymical analysis is a time-consuming process combining fieldwork, gazetteer and consultation with local historians. Fortunately, for studies in China, there is rich information of place names in local gazetteers, compiled and updated regularly by an office of place names in each provincial and county government. Such gazetteers describe place names of administrative regions and natural and manmade features of the landscape. If a place is named by a minority nationality (ethnic group) instead of Han, it explains the meaning in Chinese. Figure 2 shows a sample entry of a county name in Yunnan Provincial Gazetteer (Yunnan Placename Editorial Committee, 1997). It clearly describes the history of the place name and its origin (in this case, Yimen County was named in Song Dynasty after a spring by Yi, an ethnic group speaking a dialect of Tai).
III. STUDY AREA AND DATA SOURCE
For demonstrating the GIS research methodology, we select Qinzhou Prefecture, Guangxi Autonomous Region in a 1979 map as a pilot study area (see Figure 1 for location). The area is settled by Han and Tai-speaking minority ethnic groups and provides a good testing site to examine the contrast between Tai and non-Tai place names. In addition, some members of the research team are already knowledgeable in There have been a good number of Tai toponymical studies in the recent literature. For example, Pranee Kullavanijaya (1996: 120-134) compared place names in seven Tai Zhuang counties in Guangxi Autonomous Region with four provinces in northeastern Thailand, and pointed out that village names may reveal the history, migration, and contact with other ethnic groups. Using place name data from Thai government documents, Sujritalak Deepadung (1998) discovered five major semantic categories for names and found that "the village names to the western region of Thailand rely significantly on that area. The 1979 map is chosen as it is the only map with village names available to us for the study area.
The linguists on the team have identified and separated the Tai place names from the non-Tai place names based on the toponymical analysis techniques as explained in the previous section. The classification is based our preliminary research on available resources. Future research will employ a more rigorous approach by combining fieldwork, gazetteer and consultation with local historians. The study area has a total of 568 place names, among which 106 are identified as Tai place names. Figure 3 shows the distribution of Tai and nonTai place names, from which we can vaguely see areas with more representations of Tai place names and other with less. In order to test whether the spatial pattern of Tai place names is consistent with the Tai population distribution, we also need the population data of different ethnic groups in the study area. Dr. Shuming Bao at the China Data Center of the University of Michigan provided us the 2000 census data for the study area at the township (xiang/zhen ) level. There are 103 townships in the study area. While there is a 21-year gap between the data of place names (1979) and census data (2000), there have been only minimal changes in place names during this time period.
For analyzing the relationship between physical environments and place names, GIS data on elevations are obtained from the USGS's GTOPO30 global digital elevation model (DEM) dataset (http://edcdaac.usgs.gov/gtopo30/gtopo30.asp) with a spatial resolution of 1 km. This is sufficient for examining the effect of topography on overall Tai settlement patterns. Place names can be also related to the settlement and migration patterns of different Tai groups, who have followed both water and land pathways and trade routes. GIS layers of major transportation routes are collected by a member of the research team for other research projects.
IV. MODELING SPATIAL PATTERNS IN GIS
A Geographic Information System (GIS) is a computer system for capturing, storing, querying, analyzing, and displaying geographically referenced data. Mapping is a fundamental function of GIS. However, only limited information can be extracted by visually examining maps that simply show the distribution of Tai place names as in Figure 3 . Spatial modeling techniques help better visualize the spatial pattern and advance the analysis.
A. Spatial Smoothing
The classification of place names in the study area is first coded in GIS as a binary variable identifying whether a place name is Tai (= 1) or non-Tai (= 0). A common spatial smoothing technique, i.e., the floating catchment area (FCA) method, is then used to examine the spatial concentrations of Tai place names. Like moving averages that are calculated over a longer time interval (e.g., five-day moving average temperatures), the FCA method draws a circle or a square around a location to define a filtering window, and uses the average value (or density of events) within the window to represent the value at the location. In this case, a circle (e.g., with a 10-km radius) is drawn around each place, the ratio of Tai place names to all place names within the circle (hereafter referred to as "Tai place ratio") is computed. The circle moves from one place to another until the ratios are obtained for all places. Each ratio represents the concentration of Tai place names around a place. A larger circle (i.e., a larger filtering window) leads to stronger spatial smoothing, and thus better reveals regional than local patterns; and a smaller circle corresponds to reverse effects (Fotheringham, et al., 2000: 46) . By doing so, the original discrete variable of Tai place names (0 or 1) is converted into a continuous ratio variable (any numerical value ranging from 0 to 1). A map of the Tai place ratios in Figure 4 shows the gradual change from places with higher Tai place ratios (mainly in the west) to places with lower ratios (in the east) continuously. Different window sizes may be experimented. In our case, a window of a 10-km radius yields an adequate degree of smoothing while generating reasonable variability. Figure 4 shows some improvement over Figure 3 in displaying the spatial variation of Tai place name concentrations. However, both are still point-based (i.e., Tai place ratios are known only at locations with available place names), and the spatial trend across the whole study area is not clear. Spatial interpolation uses known values at given locations to estimate unknown values at other locations, and generates a continuous surface for the whole study area. One commonly-used spatial interpolation method is trend surface modeling.
B. Trend Surface Modeling
Trend surface modeling uses a polynomial equation of x-y coordinates to approximate points with known values such as z = f (x, y) where the attribute value z is considered as a function of x and y coordinates (Bailey and Gatrell, 1995 The equation is usually estimated by an ordinary least square Figure 4 . Tai place name ratios(10-km radius) in Qinzhou regression. The estimated polynomial is then used to project unknown values at any locations. Higher-order models are needed to capture more complex surfaces and yield lower RMS 1 . Figure 5 shows the trend surface using a 10th-order polynomial based on the Tai place ratios 2 . It clearly shows the highest concentration of Tai place names in the southwest corner that stretches towards the north in one case and in the other case towards northeast, in a reverse "U-shape". Two other concentrations of Tai place names are minor: one in the very west and another in the north.
1 RMS (root mean square) measures the goodness of fit such as RMS = , where z i,obs is the observed value at location i, z i,est is the estimated value at location i, and n is the total number of points. 2 Figure 5 is based on a global trend surface model that utilizes all control points with known values to estimate an unknown value (i.e., one polynomial function for the whole study area). A local trend surface model uses a sample of control points to estimate an unknown value (i.e., the polynomial function varies from place to place). One may also use the original binary variable Tai (= 0 or 1) as the dependent variable in a logistic trend surface model to generate a probability surface. 
C. Spatial Cluster Analysis
Both spatial smoothing and trend surface modeling are useful for mapping the Tai place names. However, both are merely descriptive. Even randomly distributed events may appear to exhibit some local pockets of concentration. In other words, elevated Tai place ratios in some areas might arise simply by chance alone. The pattern generally warrants study only when it is statistically significant (Jacquez, 1998). Are the occurrences of Tai place names in some areas significantly more frequent than other areas? The answer relies on rigorous statistical analysis -spatial cluster analysis. Spatial cluster analysis has been most widely used in health-related studies to detect clusters of diseases among healthy individuals.
One method detecting spatial clusters of point data is the spatial scan statistic or SaTScan developed by Martin Kulldorff (http://www.satscan.org). SaTScan uses a circular window to scan the entire study region, and the radius of the window varies continuously in size from 0 to 50 percent of the total observations. In our case, a non-Tai place name serves as "control" (coded as 0), and a Tai place name is "case" (coded as 1). For each circle, the method computes the likelihood that the occurrence of case is higher inside the window compared to outside the window. A Bernoulli model is used to assess statistical significance. Under the Bernoulli model, the likelihood function for a specific window z is
where N is the total number of cases in the study region, n is the number of cases in the window, M is the total number of controls in the study region, m is the number of controls in the window, (probability of being a case within the window), and q=(M-m)/(N-n)(probability of being a case outside the window).
The likelihood function is maximized over all windows, and the "most likely" cluster is one that is least likely to have occurred by chance. The likelihood ratio for the window is reported and constitutes the maximum likelihood ratio test statistic. Its distribution under the null hypothesis and its corresponding p-value are determined by a Monte Carlo simulation approach. The method also detects secondary clusters with the highest likelihood function for a particular window that do not overlap with the most likely cluster or other secondary clusters. Figure 6 shows the primary and secondary clusters of Tai place names in the study area. The spatial cluster analysis confirms that the major concentration of Tai place names is in the west, and a minor concentration in the middle.
V. VALIDATION AND EXPLANATION BY REGRESSION ANALYSIS

A. Spatial Pattern of Tai Place Names vs. Distribution of Tai Population
One of the major objectives of the larger project is to reconstruct the historical Tai settlement pattern from the distribution of Tai place names. While the naming process may be related to many cultural, political, and historical factors, the underlying assumption is that a place named by Tai is where Tai have been present. One way to validate the assumption is to examine whether the distribution of Tai population is consistent with that of Tai place names.
Based on the 2000 Census of Population at the township level, Figure 7 shows the ratios of Tai population (including the ethnic groups of Zhuang, Dai, Bouyei and Yi), represented by symbols of different sizes across townships. The spatial variation of the Tai population ratio can also be modeled by trend surface interpolation, shown as the background in Figure  7 . The highest Tai population ratios are observed in the northwest and decline towards east. The general trend is consistent with that in Figure 5 . Both Figures show the higher Tai ratios in the west than in the east. However, in the west part, the Tai place ratios are higher in the south than the north (in Figure 5) whereas the Tai population ratios are higher in the north than in the south (in Figure 7) . Figure 8 plots the relationship between Tai population ratios versus Tai place name ratios in the study area 3 , and regression analysis is used to test whether the two are correlated with each other. A direct regression of Tai population ratios against Tai place name ratios yields R 2 = 0.198, implying a correlation coefficient of 0.445; and a regression of Tai population ratios against the logarithms of Tai place name ratios (for adjustment of the scale) yields R 2 = 0.327, implying a correlation coefficient of 0.572. While the correlation is not as evident as expected, the relationship is statistically significant in both cases. Many factors may have contributed to the not-so-strong correlation. The most important one is perhaps that a place name remains unchanged for an extended period of time and does not necessarily reflect the ethnicity or language of modern settlers. In other words, a place name may better represent the ethnic group that governed the area in the past instead of the present time.
B. Explaining the Pattern of Tai Place Names
Physical environments can play an important role in the settlement patterns we see today (e.g., Stanley and Chen, 1996) . This is especially true for the Tai people, as they grow wet paddy rice, which requires ample supply of water and low lying flat areas (Husson, et al., 2001 ). Our previous study (Luo, et al., 2000) of linguistic terms related to wet rice farming demonstrated that the settlement patterns of Zhuang and Bouyei in the border areas of Guizhou and Guangxi are closely linked to the physical environments that are favorable for growing wet rice, i.e., they tend to concentrate at low and flat areas with good access to water. Place names can also be In summary, physical environments including topography, proximity to major transport and trade routes and Han Chinese's migration history may affect Tai's settlement and thus the presence of Tai place names. These factors can be measured as elevation and distances and obtained by GIS overlay operations. A logit regression model can then be constructed to explain whether a place name is Tai or non-Tai. In the logit model, the dependent variable is a dummy variable (i.e., 1 for Tai place name and 0 for non-Tai place name) and the above spatial measures are used as independent (explanatory) variables. In the following illustrative example, we identify three explanatory variables to explain the place names.
First, we speculate that elevation may affect the Tai settlement pattern. As Han pushed south, Tai were driven towards more marginal land (e.g., mountainous areas and thus possibly higher altitudes). Second, the main path for the southward migration of Han was the Meiling Pass (see Figure 1 for the location) that penetrated the barrier of Lingnan Mountain. So it is hypothesized that there was less influence of Han and thus more presence of Tai place names in areas farther away from the Meiling Pass. Third, if the influence of Han followed the major transport or trade routes, it is expected that areas farther away from the routes would experience less sinification and thus have more Tai place names. is not statistically significant either. Efforts are under the way to define various quantitative morphometric parameters to characterize and differentiate watershed basins that provide favorable environment for Tai settlements. Our future work will include possible explanations by ethnolinguistic features such as dialect differences and language contact, and historical events such as war, forced relocations, assimilation to majority practices, and, not insignificantly, the barrier to Han settlement in areas where malaria was endemic and killed the newcomers by the thousands (Bello, 2005) .
VI. SUMMARY AND DISCUSSION
The sinification of ethnic minorities, such as the Tai, has been a long and ongoing historical process in China. One indication of historical change is reflected in place names over time. Many older Tai names can be recognized because they are named after geographical or other physical features in Tai, such as "rice field", "village", "mouth of a river", "mountain", "basin", etc. On the other hand, many other older Tai place names have been obliterated or modified in the process of sinification. The objective of a larger project is to reconstruct the linguistic and historical past settlements of the Tai from place names. This research is part of the larger project covering the entire Tai language domain including southern China and Southeast Asia dated back over 1000 years ago. This exploratory research uses a small study area (i.e., Qingzhou Prefecture in Guangxi Autonomous Region in southern China) covering one year (1979) to test some of the analytical methods that will be used in the larger project.
In particular, this study shows how modern GIS and spatial analysis techniques can benefit researchers in historicallinguistic-cultural studies. The classification of place names in the study area is first coded in GIS as a binary variable identifying whether a place name is Tai (= 1) or non-Tai (= 0). A common spatial smoothing technique, i.e., the floating catchment area (FCA) method, is then used to compute a Tai place ratio within a radius of each place to measure the degree of Tai place concentration. To better visualize the spatial variation of Tai place name concentration, a spatial interpolation method, i.e., trend surface modeling, uses Tai place ratios known at the places to estimate unknown Tai place ratios at any locations, and generates a continuous surface for the whole study area. While spatial smoothing and trend surface modeling are useful for mapping the Tai place names, both methods are merely descriptive. Spatial cluster analysis detects whether the occurrences of Tai place names in some areas are significantly more frequent than other areas. The correlation analysis for the study area validates the assumption that the distribution of Tai population is generally consistent with that of Tai place names. Finally, a logistic regression model is constructed to examine how Tai place names may be related to physical environments, proximity to major transportation routes and the major southward migration entry point of Han Chinese.
